We evaluated the diversity of HCV nonstructural protein 3 (NS3) in 26 HCV-and HIV-coinfected patients receiving stable antiretroviral therapy (ART) who were treated with interferon-ribavirin. Plasma HCV RNA clonal analysis was performed. There was greater baseline NS3 diversity in patients with nonresponse or relapse than in those with sustained virologic response. Interferon-ribavirin treatment did not result in significant changes in HCV protease gene diversity or significant HCV PI resistance mutations. The effect of prior interferon-ribavirin treatment on HCV NS3 will likely not impact HCV PI efficacy in HIV-coinfected patients receiving ART.
B R I E F R E P O R T
Impact of Interferon-Ribavirin Treatment on Hepatitis C Virus (HCV) Protease Quasispecies Diversity in HIV-and HCV-Coinfected Patients munodeficiency virus (HIV) coinfection, in order to prevent HCV-related liver disease, hepatocellular carcinoma, and death. To date, the treatment of HCV infection has comprised therapy based on pegylated interferon alpha and ribavirin for at least 24-48 weeks. Important factors associated with achieving sustained virologic response (SVR) after therapy for HCV infection are baseline HCV load and genotype. In addition, patients with HIV coinfection, particularly those infected with HCV genotype 1, experience significantly lower rates of treatment response compared with HCV-monoinfected patients (SVR rate in patients with HCV genotype 1 monoinfection, 40%-50%; SVR rate in patients with HCV genotype 1 and HIV coinfection, 15%-30%) [1] .
The N-terminal domain of nonstructural protein 3 (NS3) encodes a serine protease that catalyzes posttranslational processing of the HCV polyprotein in a step crucial to the assembly and replication of viral particles. Several drugs that target the HCV protease gene are currently in development. HCV protease inhibitors (PIs) block the cleavage of nonstructural proteins and restore innate, interferon-mediated host cellular responses to HCV replication [2] , rapidly reducing HCV loads during PI exposure [3] . Boceprevir and telaprevir are 2 PIs that have demonstrated efficacy in treating both treatment-naive and treatment-experienced patients with HCV genotype 1 infection. When combined with pegylated interferon and ribavirin, these PIs resulted in significantly higher rates of SVR (60%-75%) among treatment-naive patients with HCV genotype 1 infection and among patients with HCV genotype 1 infection for whom interferon-based therapy had previously failed [4] [5] [6] . Unfortunately, rapid emergence of PI resistance in the NS3 domain was found with PI monotherapy, which necessitated combination treatment with HCV PIs, pegylated interferon, and ribavirin.
Because the HCV RNA polymerase is prone to errors and because HCV has high replicative capacity, HCV circulates in individuals as closely related yet distinct viruses, which are termed quasispecies. Factors such as immune pressure, viral kinetics, genotype, and treatment impact genetic diversity. The NS3 region of HCV genotype 1 has demonstrated significant variability at the amino acid level (up to 10%-11% variability for genotypes 1a and 1b) and nucleotide sequence level (up to 26%-30% variability) in monoinfected patients [7] . What impact such NS3 genetic diversity may have on the use of PIs, given the emerging data on NS3 PI resistance mutations, is unknown.
Further understanding of the underlying NS3 diversity among populations of previously treated and HIV-coinfected patients is required. Elsewhere we evaluated the NS3 diversity in coinfected patients who initiate antiretroviral therapy (ART) for HIV infection and found no significant effect of ART on HCV protease diversity [8] . Here we evaluate the effect of interferon-ribavirin therapy on HCV NS3 protease gene sequence diversity and amino acid changes in HIV-coinfected patients who receive ART. Methods. The institutional review boards of the National Institute of Allergy and Infectious Diseases and Stanford University approved this study. Patients were previously enrolled in 2 prospective studies that analyzed the HCV virologic responses to the following regimens: 1.5 mg of peginterferon alfa2b (PegIntron; Schering-Plough) per kilogram of body weight or 180 mg of peginterferon alfa-2a (Pegasys; Roche Laboratories) subcutaneously weekly with ribavirin (Rebetrol; ScheringPlough) at a dose of 400 mg every morning and 600 mg every evening for patients with !75 kg of body weight and at a dose of 600 mg twice per day for patients with 175 kg of body weight; or 900 or 1200 mg of albinterferon alfa-2b (Zalbin; Human Genome Sciences) every 2 weeks with 1000-1200 mg/ day of ribavirin twice daily, at doses based on body weight. All patients in our analysis were coinfected with HCV genotype 1 and HIV, and all were receiving ART.
Patients were evaluated for HCV quasispecies diversity at baseline (prior to initiation of interferon-based therapy) and at a follow-up time point no more than 4 weeks after completion of HCV therapy. Outcomes were defined as SVR (undetectable viral load 24 weeks after completion of therapy), virologic nonresponse (detectable viral load throughout treatment or a reduction of !2 log 10 IU/mL in viral load at week 12 of treatment), or virologic relapse (decrease in viral load to undetectable levels during treatment but subsequent increase to detectable levels after treatment discontinuation). All patients with SVR attained an undetectable HCV load at the follow-up time point and thus were compared with the patients with nonresponse or relapse only at baseline. Within the nonresponse/relapse group, the variability of NS3 quasispecies at follow-up was compared with that at baseline to assess the change in genetic diversity with therapy.
HCV genotyping was performed using the Versant HCV genotype line probe assay (version 2.0; Siemens Healthcare Diagnostics). Plasma HIV and HCV RNA loads were quantified using the Versant HIV RNA assay (version 3.0; Siemens Healthcare Diagnostics; lower limit of detection, 50 copies/mL) and the Abbott HCV assay (Abbott; lower limit of detection, 20 copies/mL), respectively. CD4 + T cell counts were measured by means of flow cytometry.
HCV NS3 sequences from each patient were generated; ∼20 clones per sample per time point were sequenced. The reversetranscription polymerase chain reactions generated amplicons spanning nucleotides 3315-4298 of the HCV genome (National Center for Biotechnology Information Reference Sequence NC_004102). Diversity, including ratios between synonymous and nonsynonymous nucleotide substitutions (dS/dN) and normalized Shannon entropy, was analyzed using Molecular Evolutionary Genetics Analysis software (version 4) [9] , as described in detail elsewhere [8] .
Comparisons within groups (paired comparisons) or between groups (unpaired comparisons) were determined using Wilcoxon signed rank tests and Mann-Whitney U tests, respectively. Categorical measures between groups were determined using the Fisher exact probability test. All reported P values are 2-tailed, and results for which are consid-P ! .05 ered statistically significant.
Results. Twenty-six coinfected patients were evaluated; baseline demographic characteristics are presented in Table 1 . The patients were predominantly male (25 [96%] of 26 patients); 12 patients [46%] were African American and 11 (42%) were white (non-Hispanic). The mean age was 45 years. Eleven patients attained SVR, and 15 were characterized as having nonresponse or relapse. The mean time from baseline to the end of treatment was 43 weeks for patients with SVR and 38.3 weeks for patients with nonresponse or relapse; the median duration of treatment was 48 weeks in both groups. Two of 11 patients with SVR received 18-24 weeks of therapy because of adverse events, and 7 of 15 patients with nonresponse or relapse received 15-36 weeks of therapy because of virologic nonresponse or adverse events. The patients in the SVR and nonresponse/relapse groups were similar with respect to age, race, and baseline and follow-up CD4 + cell counts. Patients with nonresponse or relapse had higher baseline HCV loads (median, IU/mL) compared with those of patients with 6 2.83 ϫ 10 SVR (median, IU/mL; ). In the nonre- 6 1.24 ϫ 10 P p .008 sponse/relapse group, there was a nonsignificant decrease in the median HCV load after treatment (from to 6 2.83 ϫ 10 IU/mL); in addition, whereas decreases in CD4 + cell 5 8.89 ϫ 10 count were observed in both groups between baseline and follow-up, only the decrease in the nonresponse/relapse group was significant (median at baseline vs follow-up, 610 vs 435 cells/mL; ). P p .04 Genetic diversity and complexity measures were calculated from nucleotide sequences of 903 NS3 gene clones (median, 23 clones per patient per time point; range, 13-30 clones). There was no difference in the number of clones analyzed per patient per time point between the 2 groups or between time points within the nonresponse/relapse group. All clones phylogenetically clustered appropriately by patient, and all patients' sequences segregated appropriately by genotype (data not shown).
Differences in the genetic variability and complexity between patients at the nucleotide and amino acid levels are shown in Although no change in diversity was noted over time among the patients with nonresponse or relapse, significant differences between the 2 outcome groups were observed with respect to baseline NS3 diversity. Greater baseline NS3 diversity was observed in patients who subsequently experienced virologic nonresponse or relapse, compared with those who attained SVR (median genetic distance in nonresponse/relapse group vs SVR group, 0.012 vs 0.003 nucleotides;
; median dS/dN in P p .004 nonresponse/relapse group vs SVR group, 0.038 vs 0.005 nucleotides;
). P p .008 At the amino acid level, the diversity was evaluated by examining the p-distance between clones from each patient. Again, in patients with nonresponse or relapse, there was no significant change in p-distance between the 2 time points. However, the p-distance at baseline in the nonresponse/relapse group was significantly higher than that of the SVR group (median p-distance in nonresponse/relapse group vs SVR group, 0.006 vs 0.004 amino acids;
). P p .009 NS3 amino acid changes were then examined for known resistance mutations and functional enzyme residues. No active site positions (H57, D81, and S139) or metal-binding residues (C97, C99, C145, and H149) had amino acid substitutions in any of the clones examined. In the nonresponse/relapse group, 2 patients at baseline and 2 different patients at follow-up each had a single clone with the R155G substitution. Those with the R155G substitution at baseline each had a different single, additional clone at baseline with a significant NS3 mutation (P88L and A156V). None of these mutations had persisted at both follow-up time points. In the SVR group, all of the clones from 1 patient had a V36M mutation at baseline.
Discussion. Our study is the first (to our knowledge) to evaluate HCV NS3 sequence diversity in HIV-coinfected patients and the relationship between NS3 diversity and interferon-based treatment. Our results indicate there is no significant effect of interferon-ribavirin therapy on NS3 quasispecies diversity in coinfected patients who experience nonresponse or relapse. Major NS3 PI resistance or active site mutations were rarely found. These results suggest that prior HCV treatment with interferon-ribavirin would not markedly impact the potential efficacy of subsequent HCV PI treatment in coinfected patients.
A significant association was seen between treatment failure and higher baseline NS3 diversity in this cohort of patients with HCV genotype 1 infection. Prior studies have demonstrated correlations between increased quasispecies variability in the HCV hypervariable region 1 (HVR1) at baseline and nonresponse to antiviral therapy in patients with HCV genotype 1 monoinfection [10] . Some studies have found that low baseline HVR1 genetic complexity, in addition to other factors such as baseline viral load, predict interferon response [11] , whereas other studies have found that quasispecies complexity correlates with early, but not sustained, virologic response [12, 13] . Similar observations have been made with other genotypes and interferon-treated HIV-coinfected patients [14] . The results of these studies suggest that HVR1 complexity and diversity, through host selection pressure or other factors, influences interferon responsiveness. In contrast, fewer studies have evaluated the associations between NS3 quasispecies diversity and interferon response, and none have been described in a coinfected population. Donlin et al [15] evaluated full HCV open reading frame consensus sequences from patients with HCV genotype 1a or 1b monoinfection and found-in contrast to our results-that marked, versus poor, virologic response at day 28 of HCV therapy was associated with lower NS3 diversity. Of note, significantly lower baseline HCV loads were seen among responders and correlated with interferon response.
PI mutations observed in our study included V36M, P88L, R155G, and A156V. The V36M mutation confers low to moderate resistance to telaprevir and higher level resistance in conjunction with a R155K or A156T mutation; it has also been noted to occur at low frequencies (!1%) in PI treatment-naive patients. The A156V mutation is associated with resistance to multiple PIs, including telaprevir; whereas a different substitution at this site, A156T, confers high-level resistance to boceprevir and telaprevir. The R155G mutation is a minor variant of unclear significance that emerges after PI use and may confer low-level telaprevir resistance. The R155K/T mutation, however, is a common resistance mutation for multiple PIs, particularly telaprevir [16] . The occurrence of the P88L mutation has been noted after exposure to the now discontinued PI BILN-2061, and the significance of this mutation for current PIs is unclear. Thus, NS3 resistance mutations are occasionally found in PI treatment-naive patients; however, interferon-ribavirin treatment does not appear to select for these mutations or increase their prevalence.
Our results are potentially limited by the small sample size in each group. Thus, we were unable to evaluate NS3 diversity differences between genotypes 1a and 1b. Significantly more patients with nonresponse or relapse had undetectable HIV loads at baseline; however, HIV RNA level has not been found to correlate with HCV diversity. Although NS3 diversity was higher among patients with nonresponse or relapse, HCV load was also higher in this group. In accordance with the results of prior studies, we found that lower HCV load was independently associated with response. However, our primary analysis was not affected, as no significant NS3 diversity changes with treatment were noted in the nonresponse/relapse group. Of note, we acknowledge that recent use of ultradeep sequencing suggests the prevalence of minor variants in even treatmentnaive patients with HCV infection; however, the impact of such low-frequency resistance mutations on PI treatment efficacy is unstudied, and comparisons between clonal analysis and deep sequencing have not yet been made.
In summary, we found no significant effect of HCV interferon-based therapy on NS3 protease sequence diversity or sequence mutations in our cohort of patients with HCV genotype 1 and HIV coinfection. As HCV PIs are introduced in clinical practice, further understanding of HCV NS3 diversity in this therapeutically challenging coinfected population is needed. However, our results indicate that the potential efficacy of HCV PIs will be unaffected by previous HCV treatment in coinfected patients.
